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Supplementary Fig. 1 Schematic models of single-layered MX2 with 2H (a), 1T (b) 

and 1T’ (c) phases in basal plane and the corresponding formation energies.1  
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Supplementary Fig. 2 XRD patterns of V2O3 film and V SACs@1T-WS2/V2O3 film. 

 

 

Supplementary Fig. 3 a-c, Optical micrographs of fresh sapphire (a), as-grown V2O3 

film (b), 1T/V2O3 film (c) by CVD. Scale bars: a-c, 60 μm. 
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Supplementary Fig. 4 a, High-resolution STEM image of monolayer 2H-WS2. The 

blue spheres and yellow spheres represent the W atoms and S atoms, respectively, in 

the schematic model of 2H-WS2 in Figure S4a. Scale bar: 0.5 nm. Inset: the 

corresponding Fast Fourier Transform (FFT) of Figure S4a. Scale bar: 5 1/nm; b, 

Intensity sequence profile of W-S-W (pink dashed arrow indicated by Figure S4a). 

 

 

Supplementary Fig. 5 EELS spectra of S (a) and O (b) in the V SACs@1T-WS2 

monolayer. The carbon detection was associated with remaining PMMA polymer 

during the transferring process. 

 

 

0.0 0.5 1.0 1.5 2.0 2.5

S
SS

W

W

W
W

Distance (nm)

In
te

n
s
it

y
 (

a
.u

.)

W

S

a b

0.0 0.5 1.0 1.5 2.0 2.5

S
SS

W

W

W
W

Distance (nm)

In
te

n
s

it
y

 (
a

.u
.)

W

S

ba

500 510 520 530 540 550

O-L

O-L

V-L2

Energy Loss (eV)

In
te

n
s

it
y

 (
a

.u
.)

V-L3

a b

150 180 210 240 270 300 330

C-K

In
te

n
s

it
y

 (
a

.u
.)

Energy Loss (eV)

S-L2,3



 

Supplementary Fig. 6 a-b, Experimental (a) and simulated (b) STEM images of V 

SACs@1TWS2, respectively; c, Corresponding experimental (purple) and simulated 

(black dots) intensity sequence profiles of W-S-S-V-S-S-W (red dashed arrow) 

indicated by the STEM images. The white dashed circles represent the V atoms; d-e, 

Simulated STEM images of Wvac@1T-WS2 with no S vacancy (d) and 2S vacancies (e). 

The purple dashed circles and yellow dashed circles represent the Wvac and Svac, 

respectively; f-g, Simulated STEM images of 1T-WS2 with 1S vacancy (f) and no S 

vacancy (g); h, Corresponding experimental (purple) intensity sequence profile of W-

S-S-V-S-S-W (red dashed arrow) indicated by Figure S6a, simulated (orange dots) 

intensity sequence profiles of W-S-S-Wvac-S-S-W (red dashed arrow) indicated by the 

Figure S6d, simulated (pink dots) intensity sequence profiles of W-S-Svac-Wvac-Svac-S-

W (red dashed arrow) indicated by the Figure S6e, simulated (olive dots) intensity 

sequence profiles of W-S-S-W-S-Svac-W (red dashed arrow) indicated by the Figure S6f 

and simulated (blue dots) intensity sequence profiles of W-S-S-W-S-S-W (red dashed 

arrow) indicated by the Figure S6g. The blue spheres, red spheres and yellow spheres 

represent the W atoms, V atoms and S atoms, respectively. 
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Supplementary Fig. 7 a-b, Experimental (a) and simulated (b) STEM images of V 

SACs@1T-WS2, respectively. The white dashed circles represent the V atoms; c, 

Simulated STEM image of 1T-WS2 with vacancies at W sites (Wvac@1T-WS2). The 

purple dashed circles represent the vacancies at W sites; d, Corresponding intensity 

sequence profiles of W-W-V-W-W or W-W-Wvac-W-W indicated by the STEM images 

(yellow dashed arrow). The blue spheres, and red spheres in Figure S7a-7c represent 

the W atoms and V atoms, respectively.   

 

Supplementary Fig. 8 a-b, High-resolution HAADF-STEM images of monolayered V 

SACs@1T-WS2 after annealing at 200 ºC in air for 30 mins. The blue spheres, red 

spheres and yellow spheres represent the W atoms, V atoms and S atoms, respectively, 

in the schematic model of V SACs@2H-WS2 in Figure S8b. The V atoms are 

highlighted by the white dashed circles. Please note that the V SACs@1T-WS2 on the 

V2O3 film cannot be directly annealed in air, as V2O3 film will be transformed into VO2 

(M) above 300°C (see Figure S9). Scale bars: a, 1 nm; b, 0.5 nm. 
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Supplementary Fig. 9 a, Raman spectra of 1T-V2O3 region with different annealing 

temperatures. 1T features in Raman spectra get relatively stable signals with the 

annealing temperature range from 25 ºC to 300 ºC in air; b, Raman spectra of V2O3 

region with different annealing temperatures. The V2O3 film becomes VO2 (M) at 400 

ºC in air for 5 mins; c-d, Optical micrographs of as-grown 1T-V2O3 phase on V2O3 film 

after annealing under different temperatures for 5 mins. 300 ºC (c) and 400 ºC (d). Scale 

bars: c-d, 10 μm. 

 

Supplementary Fig. 10 Survey scan of V SACs@1T-WS2 transferred on HOPG 

substrate. 
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Supplementary Fig. 11 a-d, High-resolution XPS spectra of W 4f (a), S 2p (b), V 2p 

(c) and O 1s (d) core levels of V SACs@1T-WS2 transferred on HOPG substrate. The 

fitting blue and pink curves represent the contributions of 1T and 2H phases in Fig. S11 

a-b, respectively. The molar ratio of W/V obtained by the XPS analysis was ~95:5. 
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Supplementary Fig. 12 a-d, High-resolution XPS spectra of W 4f (a), S 2p (b), V 2p 

(c) and O 1s (d) core levels of V SACs@1T-WS2 transferred on HOPG substrate for 15 

times. The fitting blue and pink curves represent the contributions of 1T and 2H phases 

in Fig. S12 a-b, respectively. The molar ratio of W/V obtained by the XPS analysis was 

~16:1. 

To exclude the possibility of VS2 and V2O3/VO2 contaminations in the transferred 

V SACs@1T-WS2 monolayers, we transferred V SACs@1T-WS2 monolayers on the 

HOPG substrate for the further XPS analyses. The survey scan and high-resolution XPS 

spectra of W 4f, S 2p, V 2p and O 1s were shown in Figure S10 and Figure S11, 

respectively. Except for the signals of W4f and S 2p, the V 2p signals were detected 

after a long-term acquisition time during the XPS scanning with much weaker intensity 

than W 4f (Fig. S11a) and S 2p (Fig. S11b), which should be caused by the low atomic 

density of V atoms in the 1T sample. After deconvoluting the V 2p signals, the peaks at 

516.4 eV and 523.5 eV were assigned to V4+ from V-S bond in 1T sample.2-6 As the 

XPS technique was able to detect the surface of sample in 10 nm depth. To further 

verify the V signal in the 1T sample, we transferred the 1T samples on the same HOPG 

area for 15 times to acquire the XPS spectra. As shown in Figure S12c, an enhanced V 

2p signal was observed, matching well with the V 2p signal in Figure S11c.  

Please note that if V-based materials were present in the transferred sample, a 

prominent V 2p peak should be detected. However, only weak V signals were detected, 

indicating no V-based contamination found in the transferred samples. Importantly, if 

the V-based contaminations (e.g. V2O3, VO2, VS2) were contained in the transferred 1T 

sample, obviously enhanced V/W molar ratio would be measured. However, the molar 

ratio of W/V was ~95:5 (Figure S11) or 16:1 (Figure S12) from the XPS analyses, which 
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was close to the result obtained by the STEM image (~4 at%), further confirming the 

absence of V-based contaminations in the transferred 1T sample. In addition, only C-O 

bond at 532.4 eV (Figure S11d and S12d) or C=O bond at 533.9 eV (Figure S12d) were 

obtained and no V-O bond from vanadium oxidation (530.0 eV)7 was observed from 

the O 1s peak, further excluding the possibility of V2O3 or VO2 in the transferred 1T 

sample. The C-O/C=O bonds should be caused by the slightly oxidation of HOPG on 

the surface during the transferring process.  

 

 

Supplementary Fig. 13 AFM imaging of pristine and transferred 1T-WS2. a, 

topographic image of pristine V SACs@1T-WS2 on V2O3/sapphire; b, pristine height 

profile; c, topographic image of transferred V SACs@1T-WS2 on sapphire; d, 

Transferred height profile. Scale bars: a, 5 µm; c, 5 µm. 
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Supplementary Fig. 14 Optical characterization of 1T and 2H phase. Optical 

micrograph and fluorescence of V SACs@1T-WS2 monolayer, 2H-WS2 monolayer and 

trapezoidal 1T/2H bilayer heterostructure (formed by stacking of a 1T monolayer and 

a 2H monolayer). Fluorescence image was taken with a color camera, showing a dark 

emission state of V SACs@1T-WS2, and bright emission state of 2H-WS2 and 1T/2H 

bilayer heterostructure junction. The exposure time was 2000 ms.  
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Supplementary Fig. 15 Optical characterization of 1T and 2H phase. a, SHG 

intensity collected from V SACs@1T-WS2, 2H-WS2 and bilayer 1T/2H heterostructure 

samples on SiO2/Si substrates, respectively; b, Raman spectra of monolayer V 

SACs@1T-WS2 as a function of rotating angle; c, Polarization Raman intensity from V 

SACs@1T-WS2 as a function of rotating angle. The polar pattern of the A1g mode in 

the 1T phase was well fitted by a circle (orange solid line), which showed isotropic 

Raman scattering.  

After transferring these samples (monolayer V SACs@1T-WS2, monolayer 2H-

WS2 and bilayer 1T/2H heterostructure) on SiO2/Si substrate, the underlying crystal 

symmetry could be obtained by means of SHG. As shown in Figure S14, three regions 

can be observed via optical and fluorescence microscope. The fluorescent image 

indicates that 1T/2H heterostructure is identical to 2H-WS2 monolayer, suggesting non-

coupling between 1T and 2H phases. More importantly, the 1T sample produces no 

SHG signal (Figure S15a green plot), matching well with an octahedral prismatic 

coordination (D3d group), in contrast to the evident SHG signals in the reported 1T’ 

phase.8-10 Meanwhile, a broken inversion symmetry of the 2H-WS2 (blue plot) and 

1T/2H (red plot) induces an intense SHG, because of the trigonal prismatic coordination 

in 2H-WS2 samples (D3h group). The ARPRS of V SACs@1T-WS2 was further 

performed by rotating laser polarization, as shown in Figure S15b. Moreover, Figure 

S15c proves the isotropic Raman scattering of V SACs@1T-WS2, in which the polar 

pattern of the A1g mode (red dashed spheres) is well fitted by a circle (orange solid line), 

confirming the 1T features of as-grown WS2. It is worth noting that the ARPRS of 1T’ 
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TMD phase shows two-lobe pattern because of the non-centrosymmetric and 

anisotropic lattice structure8,10.  

 

 

Supplementary Fig. 16 Raman spectra of pure sapphire (black plot) and V2O3 film 

(red plot). The peak at 418.3 cm-1 in the V2O3 film is derived from the A1g mode of the 

substrate sapphire11. The higher intensity merged peak in the range of 150~250 cm-1 

was correlation to both monoclinic A1g and hexagonal V2O3 A1g symmetry, indicative 

of a mixed phase. However, the additional peaks of low intensity at 300 cm-1 and 500 

cm-1 were solely attributable to hexagonal V2O3
12,13, indicating the hexagonal structure 

of the as-grown V2O3 film. 

 

 

 
Supplementary Fig. 17 a, The Raman spectra of V2O3 film formed under different 

grown temperatures. Notably, no V2O3 film has been formed at the temperature ≤ 

500 °C; b, The Raman spectra of the powders in VCl3 quart after reaction under 

different grown temperatures. From the Raman peaks positions, VCl3 powder will 

firstly be decomposed as VO2 (B)14. Then the VO2 (B) will probably react with H2 to 

form the final V2O3. We suggest the whole process for the V2O3 formation, as shown in 

the following equation (1) and (2). 

2xVCl3+4WO3+3xH2=2xVO2 (B)+4WO3-x+6xHCl                       (1) 

                               2VO2 (B) + H2 = V2O3  + H2O                               (2) 
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Supplementary Fig. 18 Enlarged PL spectra of V2O3 film (black plot) and 1T-

WS2/V2O3 film (orange plot). 

 

 

Supplementary Fig. 19 a, Survey scan of the V SACs@1T-WS2 sample transferred on 

the sapphire substrate; b, High-resolution of XPS spectrum of O 1s. 
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Supplementary Fig. 20 Raman spectra of freshly prepared V SACs@1T-WS2 sample 

on the V2O3 film (black plot) and after keeping for one year (red plot). 

 

 

Supplementary Fig. 21 a, Survey spectra of V SACs@1T-WS2/V2O3 film grown on 

sapphire substrate after 1 year; b-d, High-resolution XPS spectra of V 3p (b), W 4f (b), 

S 2p (c), O 1s (d) and V 2p (d) core level peak regions. The fitting blue and pink curves 

represent the contributions of 1T and 2H phases in Fig. S21b-c, respectively. 

The wide-scan spectrum was shown in Fig. S21a and the main components are O, 

V, W, S, Al (from the sapphire). A high amount of 1T phase is still preserved even after 
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one year (~60%) from Fig. S21b, indicating the durable stability of 1T sample. 

Meanwhile, the V3p was found in Fig. S21b, which could not be used to analyze the V-

base oxidation states caused by a complicated interaction between V3p and 3d 

electrons.7 However, three contributions were found in the V2p XPS spectrum, as 

shown in Fig. S21d: V3+, V4+, V5+, respectively, at 514.47 eV, 516.19 eV and 517.40 

eV.7 The main component is V5+, which should be caused by the oxidation of V2O3 film 

on the surface in the air. The V4+ signal from V-S bond in the 1T sample was also 

involved due to the overlapped peak position of VS2 and VO2. Please note that no VO2 

or V2O5 signals were detected by the Raman from Fig. S20 (red plot), which should be 

caused by overwhelming signals from 1T sample and V2O3 film on the surface of 

sample. 

 

 

 

Supplementary Fig. 22 High resolution XPS spectra of W 4f (a) and S 2s (b) core 

level peak regions for 1T-200 ºC, 1T-300 ºC, 1T-400 ºC samples. The fitting blue and 

pink curves represent the contributions of 1T and 2H phases, respectively. Please note 

that three pieces of 1T samples on the sapphire substrates were annealed at different 

temperatures in H2/Ar for 2h. 
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Supplementary Fig. 23 a, PL spectra of 2H-WS2, V SACs@1T-WS2, and V 

SACs@1T-WS2 with different annealing temperatures in H2/Ar for 2h; b, Enlarged PL 

spectra of V SACs@1T-WS2 samples with different annealing temperatures. For all the 

V SACs@1T-WS2 samples, the intensity of PL are almost completely suppressed, 

indicating the typical metallic behavior15. Meanwhile, compared with V SACs@1T-

WS2-200 ºC sample and V SACs@1T-WS2-300 ºC sample, the PL intensity showed 

much higher intensity and blue shift in the V SACs@1T-WS2-400 ºC sample, which 

may be attributed to band-structure modification due to the partial 1T phase 

transformation to 2H phase.  
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Supplementary Fig. 24 a, Raman spectra of pure sapphire (black), V2O3 film (olive) 

and V2O3-Nuclei film (blue); b, XRD spectra of V2O3-Nuclei film (blue), V2O3-No 

Nuclei film (orange) and V2O3 film (olive); c, Survey spectra of V2O3-Nuclei film on 

sapphire substrate; d-f, High-resolution XPS spectra showing the S 2p (d), Al 2p (e) 

and V 2p (f) core levels for the V2O3-Nuclei film on the sapphire substrate sample. 

Please note that V2O3-No Nuclei film was prepared using VCl3 precursor only. The 

oxygen was deduced from the residue oxygen in the tube furnace. The Raman spectrum 

of V2O3 film (olive) in Fig. S24a was measured on the 1T/V2O3 sample where no WS2 

appeared. The XRD pattern in Fig. S24b (olive) was obtained on the 1T/V2O3 sample. 

The XRD analysis of different V2O3 films were conducted in the 2θ scanning mode, 

as shown in Figure S24b. All observed diffraction peaks have been indexed to the V2O3 

(006),16-18 demonstrating the epitaxial growth of the single-crystalline V2O3 film on 

sapphire substrate. 

The high-resolution scans were made of V 2p, O1s, S 2p and Al 2p, as shown in 

Figure S24d-S24f, respectively. The V2p3/2 peak was found to be at 514.15 eV (Figure 

S24f), the value falls within the range of 513.0-516.8 eV found in literature for 

V2O3.
19,20 Moreover, the V2p3/2 peak at 516.12 eV was assigned to V4+ from VS2.

21,22 

In addition, the O1s peaks showed very good agreement with literature for O peak 

associated with V2O3 absorbed OH ions or H2O, the peaks of which were within the 

range of 530.3-530.5 eV found in literature.19,23 The S 2p peaks at 161.6 eV and 162.7 

eV can be indexed to S 2p3/2 and S 2p1/2 for S2-, respectively, representing the VS2 

presence during the V2O3-Nuclei film deposition.21,22,24  
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Supplementary Fig. 25 a, Elemental mapping of V2O3-Nuclei film. The film was 

scratched from sapphire substrate for HRTEM measurement; b, EDX spectrum of 

V2O3-Nuclei film. Scale bars: 40 nm. 
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Supplementary Fig. 26 a-b, Optical micrographs of V2O3-Nuclei film in the upstream 

(a) and downstream (b); c, Raman spectrum of V2O3-Nuclei film in the downstream. 

The peak at 406.3 cm-1 was assigned to VS2 and different with the peak at 418.3 cm-1, 

which was derived from the A1g mode of the substrate sapphire11. The recorded Raman 

peaks of VS2 in Figure S26 were very weak, indicating that the amount of VS2 was in 

very low concentration relative to V2O3. Scale bars: a-b, 90 μm. 
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Supplementary Fig. 27 a, Optical micrograph of 1T domains formed on the V2O3-

Nuclei film; b, Optical micrograph of 2H domains formed on the V2O3-No Nuclei film; 

c, Optical micrograph of fresh commercial V2O3 film; d, Optical micrograph of used 

commercial V2O3 film; e, Raman spectra of 1T domains formed on the V2O3-Nuclei 

film (black plot) and 2H domains formed on the V2O3-No Nuclei film (red plot); f, PL 

spectrum of 2H domains on the V2O3-No Nuclei film; g, Raman spectra of commercial 

V2O3 film before (black plot) and after (red plot) CVD growth. Scale bars: a-b, 10 μm. 
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Supplementary Fig. 28 a-b, Raman mapping images of a 1T-WS2 flake obtained in 

the J1 (a) and E
1 

2g (b) vibrational modes, respectively. The measured WS2 flake was 

grown on the V2O3-Nuclei film substrate; c-d, Raman mapping images of a 2H-WS2 

flake obtained in the J1 (c) and E
1 

2g (d) vibrational modes, respectively. The measured 

WS2 flake was grown on the V2O3-No Nuclei film substrate; e-f, Raman mapping 

image of the fresh commercial V2O3 film obtained in the E
1 

2g (WS2) vibrational mode 

(e) and A1g (V2O3) mode (f). Scale bars: a-d, 1 μm; e-f, 5 μm. 
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Supplementary Fig. 29 Raman spectra of the selected three points (A, B, C) on their 

respective substrates in Supplementary Fig. 28a, 28d and 28f, respectively.  

Raman mapping was directly conducted on the WS2@V2O3 film to identify the 1T 

or 2H domains formed on the different V2O3 films, as shown in Supplementary Fig. 28. 

Fig. S28a-b and Fig. S28c-d are taken on 1T and 2H domain, respectively. Obviously, 

homogeneous signals from J1 mode of 1T character were detected all over the domain 

(Fig. S28a), indicating the WS2 domains grown on the V2O3-Nuclei film were metallic 

1T phase. The corresponding Raman spectrum of point A was displayed in 

Supplementary Fig. 29 (black plot), showing clear J1 peak which only belongs to 1T 

metallic phase. The signals of E
1 

2g resonance modes of WS2 were observed on both the 

domains formed on V2O3-Nuclei film (Supplementary Fig. 28b) and V2O3-No Nuclei 

film (Supplementary Fig. 28d), respectively, confirming the formation of WS2. 

However, no signals of J1 mode were detected in the WS2 domain formed on the V2O3-

No Nuclei film, indicating that the WS2 domain was 2H semiconducting phase. The 

typical Raman spectrum taken at point B in Supplementary Fig. 29 (red plot) clearly 

demonstrated the absence of J1 peak, further confirming the 2H phase.  

Moreover, as a contrast, the Raman mapping of fresh commercial V2O3 film was 

also carried out to identify the domains in Fig. S27c with different contrast. Apparently, 

no signals of E
1 

2g resonance modes of WS2 were detected in Supplementary Fig. 28e, 

indicating no WS2 was formed on the surface. However, the signals of A1g mode of 

V2O3 film was observed, demonstrating the V2O3 structure. 
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Supplementary Fig. 30 a, Schematic Structures of 2H-WS2, 1T-WS2 and 1T-VS2, 

respectively; b, Binding energy of 1T-VS2/1T-WS2 and 1T-VS2/2H-WS2.  
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Supplementary Fig. 31 Optical micrographs of as-prepared products using different 

amount of VCl3. a, 0.01g; b, 0.02 g; c, 0.03 g; d, 0.05 g; e, 0.08 g; f, 0.10 g. T1=860 °C, 

T2 = 160 °C, Ar/H2 = 80 sccm/20 sccm, t = 15 min; T1 refers to the heating temperature 

of the furnace, T2 refers to the heating temperature of the sulfur powder, and t refers to 

the growth time. All the other experimental parameters are the same. Scale bars: 5 μm. 

 

 

Supplementary Fig. 32 The Raman spectra of as-prepared products using different 

amount of VCl3. 
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Supplementary Fig. 33 The Raman spectra of as-prepared V2O3 film using different 

amount of VCl3. The Raman spectra were measured on the areas where no WS2 

domains appeared. 

 

 

Supplementary Fig. 34 High resolution XPS spectra of W 4f (a) and S 2s (b) core 

level peak regions for WS2 domains using different amount of VCl3. The fitting blue 

and pink curves represent the contributions of 1T and 2H phases, respectively. Please 

note that obtained WS2 domains were transferred on the sapphire substrates for the XPS 

measurements. 

In order to demonstrate the amount of VCl3 has a great impact on the phase purity 

of WS2, we have prepared WS2 samples using different amount of VCl3 (from 0.01 g to 

0.10 g). The corresponding optical micrographs and Raman spectra were shown in 
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Supplementary Fig. 31-33. Apparently, when the amount of VCl3 was 0.01 g, no WS2 

domains were formed on the sapphire substrate. As demonstrated in Supplementary Fig. 

32 (black plot) and Supplementary Fig. 33 (black plot), the peaks that assigned to V2O3 

were very weak, indicating the poor quality of V2O3 film. 

In addition, when the amount of VCl3 was increased to 0.02 g, dominated 2H-WS2 

samples were formed on the surface of V2O3 film. Particularly, the characteristic 

metallic peaks of J1, J2 and J3 were gradually observed from Supplementary Fig. 32 (red 

plot). As demonstrated in the Fig. 4 in the revised manuscript, the 1T-VS2 nuclei played 

important roles in determining the 1T-WS2 phase growth. However, if the amount of 

VCl3 was insufficient, it was deduced that only limited 1T-VS2 nuclei were formed on 

the surface of V2O3 film to trigger the 1T-WS2 growth. As a result, a low 1T/2H ratio 

of WS2 were formed according to the XPS analysis (Supplementary Fig. 34).  

Prominent of J1, J2 and J3 peaks were clearly observed until the amount of VCl3 

was increased to 0.03 g, as shown in Supplementary Fig. 32 (blue plot). Simultaneously, 

high quality of V2O3 film was achieved if the VCl3 amount was 0.03 g, as shown in 

Supplementary Fig. 33 (blue plot) and Supplementary Fig. 16 in the revised 

supplementary information. Appropriate formation of VS2 nuclei and high quality of 

V2O3 were in favor of the epitaxial growth of 1T-WS2 monolayers with high quality 

(Fig. 3c, 91% 1T-WS2). 

 However, it was found than if the amount of VCl3 was in the range of 0.05 g~0.08 

g, no typical metallic peaks were observed from the Raman spectra in Supplementary 

Fig. 32 (olive and purple plots). Only 2H-WS2 domains were formed, which were 

further corroborated by the XPS analyses (Supplementary Fig. 34). Moreover, it was 

believed that the large amount of VCl3 could result in the high density of VOx vapor 

phase during the heating process, which could significantly accelerate the deposition 

rate of V2O3 film, leading to a V2O3 film with rough surface. Particularly, poor quality 

of V2O3 films were achieved when the amount of VCl3 was in the range of 0.05g~0.08 

g, as shown in Supplementary Fig. 33 (olive and purple plots). Moreover, no WS2 

domains were formed if the amount of VCl3 was ~0.1 g due to the extremely rough 

surface of V2O3 film. From the analysis of the influence of amount of VCl3 on the purity 

of 1T-WS2, we can conclude that the quality of V2O3 film was the constraining factor 

to determine the formation of 1T-WS2 with high phase purity when the amount of VCl3 

was higher than 0.03 g. Whereas, the density of VS2 nuclei was the constraining factor 

to impact the 1T-WS2 formation when the amount of VCl3 was less than 0.03 g.  

 



 

Supplementary Fig. 35 1T-WS2 domains prepared at different heating temperatures 

(T1). a, T1=840 °C; b, T1=850 °C; c, T1=860 °C; d, T1=865 °C. T1 refers to the heating 

temperature of the furnace, T2 refers to the heating temperature of the sulfur powder, 

and t refers to the growth time. All the other experimental parameters are the same 

except T1. T2 = 160 °C, Ar/H2 = 80 sccm/20sccm, t = 15 min. Scale bars: 10 μm. 

 

Supplementary Fig. 36 The Raman spectra of WS2 domain prepared at different 

heating temperatures of furnace. 
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Supplementary Fig. 37 STEM images of V SACs@1T-WS2 monolayers prepared at 

different heating temperatures. Single V atoms are marked by the white dashed circles. 

Scale bars: 1 nm.  

As expected, the WS2 samples with different lateral sizes were formed under the 

different heating temperatures in Supplementary Fig. 35. Impressively, the typical 

metallic peaks (J1, J2, J3) were all observed in the Raman spectra of Supplementary Fig. 

36, indicative of the formation of 1T-WS2. Moreover, the atomic structures of 

corresponding V SACs@1T-WS2 samples were shown in Supplementary Fig. 37, 

which manifested the 1T structures of WS2. In particular, the single V atoms were 8.0 

at% (4.0 wt%), 5.0 at% (2.5 wt%), 4.0 at% (2.0 wt%) and 4.2 at% (2.1 wt%), 

respectively, when changing the heating temperatures from 840 °C to 865 °C, revealing 

that the V concentration in the 1T-WS2 monolayers could be tuned by the heating 

temperature. 
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Supplementary Fig. 38 a, Optical micrograph of 1T-WS2 domains obtained using 

vanadocene (0.08 g) as the co-precursors. T1=860 °C, T2 = 160 °C, Ar/H2 = 80 sccm/20 

sccm, t = 15 min; T1 refers to the heating temperature of the furnace, T2 refers to the 

heating temperature of the sulfur powder, and t refers to the growth time; b, STEM 

image of obtained V SACs@1T-WS2 monolayer. The single V atoms are marked by the 

white dashed circles; c, Raman spectra of 1T/V2O3 (black plot) and V2O3 film (red plot), 

respectively; d, PL spectrum of 1T/V2O3 film. Scale bars: a, 20 μm; b, 1 nm. 

Apparently, 1T-WS2 domains were also achieved if using vanadocene as the co-

precursors. However, it required higher amount of vanadocene (0.08 g) to obtain the 

1T-WS2 domains. The characterizations of V SACs@1T-WS2 monolayers were shown 

in Supplementary Fig. 38. From the optical micrograph, the obtained 1T-WS2 

monolayers showed similar morphology with Fig. 2b. The atomic structure of V 

SACs@1T-WS2 was displayed in Supplementary Fig. 38b, confirming the 1T phase of 

WS2. The typical metallic peaks were prominently seen in the Raman spectrum 

(Supplementary Fig. 38c), indicative of the metallic feature of WS2 domains. Moreover, 

the negligible PL intensity of obtained WS2 domains was also provided to demonstrate 

the metallic nature (Supplementary Fig. 38d). It was reported that vanadocene could be 

completely decomposed at less than 200 °C under a H2 atmosphere,25 so it was easier 

to transport in the gaseous state than VCl3 during the heating temperature. As a result, 

it required higher amount of vanadocene to obtain the 1T-WS2 domains. 
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Supplementary Fig. 39 a, Picture of 1T/V2O3 film grown on sapphire substrate with 

different growth regions. Region A represents the V2O3 film without 1T sample. 

Represent B represents the V2O3 film with isolated 1T flakes. Region D represents the 

very downstream area, which was not able to grow V2O3 film and WS2 sample on the 

surface; b, Stitching optical micrograph of the interface between region A and region 

B. Please note that region B and region C are the main products, stitching optical 

micrograph was carried out for the clear observation of the morphology (see Fig. S40). 

Scale bar: b, 300 μm. 
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Supplementary Fig. 40 Stitching optical micrograph of as-grown 1T-WS2 monolayers 

on the surface of V2O3/sapphire. Please note that the stitching area was selected from 

the interface between region B and Region C in the Fig. S39a. Scale bar: 500 μm. 

The isolated flakes (right white arrow) in growth region B have domain sizes from 

20~30 μm. On the left side in growth region C, the WS2 domains are merged into a 

continuous film. This kind of non-uniformity in nucleation density and domain size is 

a limitation of the present CVD technique, which have been demonstrated in many 

previously reported literatures about TMDs grown on Si/SiO2
26,27, quartz28 and sapphire 

substrates29-31. As a result, it is inevitable to grow isolated and merged film domains in 

our CVD process for 1T monolayers growth. However, each growth contained ~0.5 cm 

x 2.0 cm (~1.0 cm2) region where hundreds of isolated flakes grown and ~0.5 cm x 1.0 

cm (~0.5 cm2) region where merged 1T film grown.  
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Supplementary Fig. 41 a-d, STEM images of V SACs@1T-WS2 merged film grown 

in region C. Single V atoms are marked by the white dashed circles. The STEM images 

were randomly taken from six different areas; e, Intensity sequence profiles of W-S-S-

V-S-S-W (orange dashed arrow indicated by Figure S41a-d). Scale bars: 1 nm.  

 

 

Supplementary Fig. 42 Raman spectrum of 1T merged film/V2O3 in growth region 
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Supplementary Fig. 43 a, Low-resolution cross-section HAADF-STEM image of V 

SACs@1T-WS2 merged film on the surface of V2O3 film/sapphire substrate; b, High-

resolution HAADF-STEM image of V SACs@1T-WS2 monolayer film on the V2O3 

surface; c, High-resolution HAADF-STEM image of the interface between V2O3 and 

sapphire substrate. Scale bars: a, 10 nm; b-c, 0.5 nm. 

The characterizations of V SACs@1T-WS2 merged film in growth region C were 

shown in Supplementary Fig. 41-43. The atomic structure of V SACs@1T-WS2 merged 

film were shown in Fig. S41. The images were randomly taken from four different areas 

in region C. The 1T phase of WS2 was confirmed with V atoms distribution from the 

high-resolution STEM images. In particular, the average single V atoms was ~4.1 at% 

(2.1 wt%), which was close to the atomic density of V atoms in the growth region B 

(Fig. 2c, ~2.0 wt%). The W-S-S-V-S-S-W intensity profile sequences were also 

achieved to identify the V atoms replacement at W sites, as shown in Fig. S41e. The 

typical metallic peaks were shown in the Raman spectrum (Supplementary Fig. 42), 

confirming the metallic feature of WS2 sample. The monolayer thickness was 

confirmed by cross-sectional STEM images in Fig. S43. 

Carbon
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Pt

1T-WS2

a b

c
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Supplementary Fig. 44 Six representative optical micrographs taken from Fig. S40. 

Scale bars: 50 μm. To transfer the 1T samples for the investigation of HER catalytic 

performance, we transferred the samples at the region B (near the interface between 

region B and C). However, it was inevitable to transfer a small part of 1T merged film 

onto the glassy carbon electrode. To acquire a relatively accurate geometric area, we 

made statistics for the real geometric area of 1T samples. Please see details in Fig. S45 

and Table S4-S6 
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Supplementary Fig. 45 a-c, Statistics of WS2 distribution with different lateral sizes 

in Fig. S44d (a), Fig. S44e (b) and Fig. S44f (c), respectively. d, the calculated 

𝐴𝑊𝑆2
/𝐴𝑠𝑢𝑏. ratio in the respective Figs.  

In order to evaluate the actual area of WS2 monolayers more accurately, we made 

statistics for the actual area of 1T-WS2 monolayers in Fig. S44, which was taken from 

stitching optical images in Fig. S40. 𝐴𝑊𝑆2
represents the area of WS2 monolayers in the 

respective picture.  𝐴𝑠𝑢𝑏. represents the area of respective picture. The stitching optical 

micrograph of WS2 indicated that the as-grown WS2 monolayers included both 

continuous film and isolated WS2 monolayers. The continuous film was formed on the 

relatively down-stream of isolated WS2 monolayers. Six representative areas were 

selected for the statistical analyses in Fig. S44. The largest 𝐴𝑊𝑆2
/𝐴𝑠𝑢𝑏. ratio in these 

Figs was ~1.0 from Fig. S44a due to the approximately continuous film. As for the Fig. 

S44b-44c, the ratio of 𝐴𝑊𝑆2
/𝐴𝑠𝑢𝑏. was apparently less than 1.0. Compared with Fig. 

S44a-S44c, the relatively lower ratios of 𝐴𝑊𝑆2
/𝐴𝑠𝑢𝑏. were shown in Fig. S44d-S44f 

according to the lower distribution density of WS2 monolayers. To obtain the accurate 

𝐴𝑊𝑆2
/𝐴𝑠𝑢𝑏.  ratios of Fig. S44d-44e, the diameter distribution range of WS2 

monolayers was obtained by average diameter analysis software. The corresponding 

distribution sizes of WS2 monolayers were displayed in Fig. S45a-S45c. According to 

the calculated area results in Table S4-S6. The 𝐴𝑊𝑆2
/𝐴𝑠𝑢𝑏. ratios were 0.26, 0.27 and 

0.28, respectively. We take the mean value of 0.27 as the lowest 𝐴𝑊𝑆2
/𝐴𝑠𝑢𝑏.  ratio. 

Consequently, the actual mass loading of WS2 monolayers was in the range of 1.8~6.5 

μg/cm2.  

The mass loading of continues WS2 film was calculated according to the equation 

as follows: 
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𝑀𝑎𝑠𝑠 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑜𝑓 𝑊𝑆2  =
𝑚𝑊𝑆2

𝐴𝑠𝑢𝑏.
=

𝜌𝑊𝑆2
𝑉𝑊𝑆2

𝐴𝑠𝑢𝑏.
=

𝜌𝑊𝑆2
𝐴𝑊𝑆2

𝐻𝑊𝑆2

𝐴𝑠𝑢𝑏.
= 𝜌𝑊𝑆2

𝐻𝑊𝑆2
 

𝑚𝑊𝑆2
, 𝜌𝑊𝑆2

, 𝑉𝑊𝑆2
, 𝐻𝑊𝑆2

represent the mass amount of WS2, density of WS2, volume 

of WS2, and monolayer thickness of WS2, respectively. 

 

 

Supplementary Fig. 46 HER performance comparison for the various catalysts with 

different mass loadings (the catalysts include strained 1T’-WS2,
32 1T’-MoS2 

nanosheets,33 1T’-MoS2 monolayers,9 1T’ WSe2,
34 2H-1T boundary MoS2,

35 vacancy 

sites-2H MoS2,
36 1T-MoS2 nanosheets,37 P-1T-MoS2,

38 (N,PO4
3-)-1T-MoS2,

39 SA Co-

D-1T-MoS2,
40 SA Ni-2H-MoS2,

41 SA Rh-2H-MoS2,
42 PE-CVD 1T-WS2

43). The red 

dashed circles represent the 1T(1T')-W based TMDs.  
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Supplementary Fig. 47 Voltammograms of (a) V SACs@1T-WS2 and (c) 2H-WS2 

electrocatalysts at various scan rates (10 ~ 210 mV/s); Electrochemically active surface 

area (b) V SACs@1T-WS2 and (d) 2H-WS2 estimated from the voltammograms at 

various scan rates (10 ~ 210 mV/s). 
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Supplementary Fig. 48 Chronoamperometric curve of V SACs 1T-WS2 catalyst at an 

overpotential of 400 mV in 0.5 M H2SO4 electrolyte.  

 

 

 

Supplementary Fig. 49 Raman spectra (a) and STEM image (b) of V SACs 1T-WS2 

catalyst after stability test. The V SACs 1T-WS2 catalyst after stability test was 

transferred on the sapphire substrate and TEM grid for the Raman spectrum and STEM 

measurements, respectively. The white dashed circles represent the V SACs. Scale bar: 

1 nm. 
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Supplementary Fig. 50 Model structures of the 25% H-covered surface sites of 2H-

WS2 (a), V SACs@2H-WS2 (b) and V SACs@1T-WS2 (c). Since it has been 

demonstrated that 25% hydrogen coverage is the optimal coverage in terms of H 

binding for 1T-MoS2,
44 here both non- and 25% H coverage was considered for the 

basal plane sites of the three studied phases. 

 

 

 

Supplementary Fig. 51 Model structure of H adsorption on S edge sites of 2H-WS2 

with corresponding adsorption energy. 
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Supplementary Fig. 52 Model structure of H adsorption on (a) S and (b) V edge sites 

of V SACs@2H-WS2 with corresponding adsorption energies. 

 

 

Supplementary Fig. 53 Model structure of H adsorption on (a) S and (b) V edge sites 

of V SACs@1T-WS2 with corresponding adsorption energies. 
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Supplementary Table 1. Comparison of the concentration of metallic MX2 (MoS2 or 

WS2) via different strategies. 

  

Catalysts Synthesis strategy 1T phase 
content 

1T’ phase 
content 

References 

V SACs@1T-WS2 One-step CVD 91% - In this work 

Strained 
1T’ WS2 

Liquid phase exfoliated  - 80% Nat. Mater. 2013, 12 (9), 
850-855. 

 
1T’- MoS2 

 
Gas sulfidation plus I2 
treatment 

 
- 

 
90% 

 
Nat. Chem. 2018. 10, 638–
643 

1T’-MoS2 One-step CVD - 90% Nat. Mater. 2018. 17. 1108. 

1T’-MoS2 Liquid phase exfoliated - 97% Adv. Mater. 2019, 1900568 

1T-MoS2 
CVD plus post-
exfoliated treatment 
 

80% - 
J. Am. Chem. Soc. 2013, 
135, 10274 

1T’-MoS2 Exfoliated synthesis 
plus I2 treatment 

- - Nano Lett. 2013, 13, 12, 
6222-6227 

P-1T-MoS2 Liquid phase exfoliated 82% - J. Am. Chem. Soc. 2016, 
138, 7965−7972 

(N, PO4
3-)-1T-MoS2 Hydrothermal 41% - Angew. Chem. Int. Ed. 

2019, 58,2 – 10 

1T-MoS2/NiS2 Hydrothermal 83% - Angew. Chem. Int. Ed. 
2019, 58,1 – 5 

1T-MoS2 Liquid  
phase exfoliation 

70% - Nat. Nanotech. 2015, 10, 
313. 



Supplementary Table 2. W4f7/2 ratios of 1T and 2H under different annealing 

temperature. Relative percentages of 1T and 2H species obtained by integration of the 

W4f7/2 peak for the four samples described in the main text Figure 3c and 

Supplementary Fig. S22 

WS2 samples 1T (W4f) 2H (W4f) 

Not annealed 
(25 °C) 

91% 9% 

200 °C 90% 10% 

300 °C 66% 34% 

400 °C 49% 51% 

Supplementary Table 3. Computed lattice parameters of 2H-WS2, V SACs@2H-WS2 

and V SACs@1T-WS2. 

Samples a b α β γ 

2H-WS2 12.62 12.62 90 90 120 

V SACs@2H-WS2    12.65 12.65 90 90 120 

V SACs@1T-WS2    12.97 12.97 89.78 90.22 120.97 

*To simplify the model, we apply V%=6.25% (W:V=15:1) 

Supplementary Table 4. Statistics of WS2 distribution with different lateral sizes in 

Supplementary Fig. 44d and the corresponding areas. 

Diameter Distribution 
(μm) 

Mean diameter 
(μm) 

Amount Freq. Area （μm2） 

11-13.4 12.2 1 1.1% 116.8 

13.4-15.8 14.6 8 8.7% 1338.6 

15.8-18.2 17 10 10.9% 2268.7 

18.2-20.6 19.4 16 17.4% 4727.1 

20.6-23 21.8            22 23.9% 8207.4 

23-25.4   24.2             15 16.3% 6895.9 

25.4-27.8  26.6             9 9.8% 4998.9 

27.8-30.2  29             5 5.4% 3300.9 

30.2-32.6  31.4             3 3.3% 2321.9 

32.6-35   33.8             3 3.3% 2690.4 

Total Area of WS2 monolayers in Supplementary Fig. 44d 36866.6 

*To calculate the area of WS2 monolayers, we assume each WS2 monolayer was 

circular and the mean diameter value represents the diameter (d) of circular. The area 

of each WS2 monolayer was calculated according to the equation as follows:  



 𝐴𝑟𝑒𝑎 𝑜𝑓 𝑊𝑆2𝑚𝑜𝑛𝑜𝑙𝑎𝑦𝑒𝑟 = 𝜋𝑟2 =
1

4
𝜋𝑑2 

Supplementary Table 5. Statistics of WS2 distribution with different lateral sizes in 

Supplementary Fig. 44e and the corresponding areas. 

Diameter Distribution 
(μm) 

Mean diameter 
(μm) 

Amount Freq. Area （μm2） 

10-13.1 11.55 1 1.3% 104.7 

13.1-16.2 14.65 4 5.3% 673.9 

16.2-19.3 17.75 8 10.5% 1978.6 

19.3-22.4 20.85 15 19.7% 5118.9 

22.4-25.5 23.95            15 19.7% 6754.2 

25.5-28.6   27.05             17 22.4% 9764.6 

28.6-31.7  30.15             8 10.5% 5708.7 

31.7-34.8  33.25             4 5.3% 3471.5 

34.8-37.9  36.35             3 3.9% 3111.7 

37.9-41   39.45            1 1.3% 1221.7 

Total Area of WS2 monolayers in Supplementary Fig. 44e  37908.5 

 

Supplementary Table 6. Statistics of WS2 distribution with different lateral sizes in 

Supplementary Fig. 44f and the corresponding areas 

Diameter Distribution 
(μm) 

Mean diameter 
(μm) 

Amount Freq. Area （μm2） 

13-15.3 14.15 1 1.2% 157.2 

15.3-17.6 16.45 6 7.4% 1274.5 

17.6-19.9 18.75 6 7.4% 1655.9 

19.9-22.2 21.05 14 17.3% 4869.7 

22.2-24.5 23.35            11 13.6% 4708.0 

24.5-26.8   25.65             18 22.2% 9296.4 

26.8-29.1  27.95             17 21.0% 10425.1 

29.1-31.4  30.25             3 3.7% 2155.0 

31.4-33.7  32.55             3 3.7% 2495.1 

33.7-36   34.85            2 2.5% 1906.8 

Total Area of WS2 monolayers in Supplementary Fig. 44f 38943.7 

 

  



Supplementary Table 7. TOF values comparisons of representative electrocatalysts 

at different overpotentials in 0.5 M H2SO4. 

 

Electrocatalysts Overpotential 
(mV) 

TOF value 
(s-1) 

References 

V SACs@1T-WS2 100 3.01 In this work 

V SACs@1T-WS2 150 12.78 In this work 

V SACs@1T-WS2 200 24.15 In this work 

SA Co-D-1T MoS2 200 ~19.0 Nat. Commun. 2019, 10, 5231 

SA Co-HOPNC 200 3.8 Proc. Natl. Acad. Sci. USA 2018, 115, 
12692. 

SA Co-P1N3 100 1.6 J. Am. Chem. Soc. 2020, 142, 
8431−8439 

SA Co-P1N3 150 6.34 J. Am. Chem. Soc. 2020, 142, 
8431−8439 

Mo SAC 150 1.46 Angew. Chem. Int. Ed. 2017, 56, 16086. 

P-1T-MoS2 153 0.5 J. Am. Chem. Soc. 2016, 138, 7965 

MoP 150 0.19 Angew. Chem. Int. Ed., 2014, 53, 
14433-14437. 

* TOF values were calculated using the mass loading of 6.5 μg/cm2. 

 

Supplementary Table 8. Computed free energies of H adsorption (|GH|) on surface, 

S and W/V edge sites for various species. 

 

|ΔGH| (eV) Surface site 

(basal plane) 

S Edge site W Edge site V Edge site 

2H-WS2 1.80 0.78 0.86 - 

V SACs@2H-WS2 1.56 0.30 0.54 0.13 

V SACs@1T-WS2 0.40 0.21 1.01 0.05 
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